Benign prostatic hyperplasia (BPH) is a disease of unknown etiology that significantly affects the quality of life in aging men. Histologic BPH may present itself either as symptomatic or asymptomatic in nature. To elucidate the molecular differences underlying BPH, gene expression profiles from the prostate transition zone tissue have been analyzed by using microarrays. A set of 511 differentially expressed genes distinguished symptomatic and asymptomatic BPH. This genetic signature separates BPH from normal tissue but does not seem to change with age. These data could provide novel approaches for alleviating symptoms and hyperplasia in BPH.
B
enign prostatic hyperplasia (BPH) is one of the most common diseases affecting aging men. Currently, it is estimated that the disease progressively involves three fourths of the male population over 75 years of age (1) . Clinical manifestations range widely from minimally bothersome symptoms to urinary retention and renal failure (2) . Other factors such as age-induced detrusor dysfunction, neural alterations in the bladder and prostate, and, at least in some patients, chronic inflammation caused by bacterial endotoxin in the prostate also are thought to contribute to the symptoms (3). Although it is generally held that BPH is influenced by androgens, recent data suggest that the action of androgens alone may not explain the hyperplastic development of the prostate gland (4, 5) . A number of mitogenic growth factors have been implicated in the pathophysiology of BPH (6) , but, despite decades of intensive research efforts, the etiology and pathophysiology remain unclear (7) (8) (9) . Furthermore, the underlying molecular differences producing symptoms in some but not all patients with histologic BPH are largely unknown. Finally, why BPH is generally restricted to the transition zone of the prostate and why it remains benign are still enigmatic issues.
Gene-expression profiling facilitated by the development of DNA microarrays (10, 11) represents a major advance in global gene-expression analysis. In a single assay, the quantitative expression of each gene in response to a change in the cellular state can be measured in parallel. In recent years, several investigators have applied this technology in a variety of ways such as classification of disease samples, gene function during development and differentiation, target identification and validation, pathway dissection, and cellular responses to physiological perturbation or pharmacological treatment (12) .
Previous attempts to understand the pathophysiology of BPH have been hampered by the lack of appropriate cell lines, the lack of a suitable animal model, and the implication of a multitude of factors with diverse biological functions. In the present paper, we have taken a different approach to gain new insights into the disease process; we have used human tissue samples and oligonucleotide microarray technology to determine global changes in gene expression without bias to any particular factor as the overriding cause of BPH. Here, we present an analysis of the observed expression profiles and their relationship to phenotypic properties of the various disease groups.
Materials and Methods
Sample Selection and Description. Five different groups of prostate tissue samples were identified for this study. Because BPH is a disease associated with aging, two groups of ''normal'' individuals were identified. First, normal prostate tissues were isolated from five young organ donors. These individuals were all 20 years or younger. This group was designated as Normal 1 (N1). The second set of five normal donors ranged from 30 to 50 years in age. This group was designated Normal 2 (N2). Symptomatic BPH samples were obtained from eight patients who underwent open prostatectomies to relieve obstruction. Asymptomatic BPH samples were obtained from organ donors or from histological BPH lesions in five patients who underwent cystoprostatectomy because of bladder cancer. The fifth group consisted of eight samples that were obtained by radical prostectomy from individuals with prostate cancer but who had no symptoms of BPH. This group was designated as BPH with cancer.
The weight of the prostates from the group of young organ donors (N1 group of organ donors less than 30 years of age) ranged from 28 to 50 grams, with an average weight of 38 grams. Most of these prostates were histologically unremarkable, with no changes of benign prostatic hyperplasia. No evidence of prostatitis was seen in these prostates.
The second group (Group 2) of prostates was from organ donors with the age of the donors ranging from 20 to 50 years of age. The weight of the prostate ranged from 30 to 70 grams with an average weight of 48 grams. Two of the five cases showed focal areas of benign prostatic hyperplasia (epithelial predominant). No evidence of prostatitis was seen in these patients.
Group 3 consisted of patients with symptomatic benign prostatic hyperplasia. The specimens evaluated consisted of four retropubic prostatectomies and four transurethral prostate resections. The hyperplasia seen in all of these cases was predominantly epithelial.
Abbreviations: BPH, benign prostatic hyperplasia; PCA, principal component analysis; EST, expressed sequence tag. The retropubic prostatectomies had weights ranging from 100 to 193 grams, with an average weight of 130 grams. Two of these cases had mild prostatitis, one had moderate prostatitis, and one had marked prostatitis. The transurethral prostate resections had an average weight of 55 grams. Two of these transurethral prostate resection specimens showed mild to moderate prostatitis. The group of patients with prostate adenocarcinoma and associated benign prostatic hyperplasia (Case set 4) consisted of a total of 5 cases. Three cases had Gleason scores of 6 (moderately differentiated prostatic adenocarcinoma) and two cases had Gleason scores of 7 (poorly differentiated tumor). Two of the cases evaluated had a tumor node metastasis (TNM) stage of T3A with extracapsular penetration by the prostatic adenocarcinoma. The remaining three cases had a TNM stage T2 lesion (tumor identified within one of both lobes of the prostate). The extent of involvement of the prostate by the tumor ranged from 5 to 15%. The total prostate volume involved by the tumor averaged 7.5% (range 5-15%). The average weight of the prostate was 60 grams (range 34-86 grams). The hyperplasia was predominantly epithelial. No significant prostatitis was seen.
Group 5 consisted of either older donors (age greater than 50 years of age) or patients with prostates harvested from a cystoprostatectomy specimen (prostate resected as part of a resection of urothelial carcinoma). The weight of the prostate ranged from 30 to 65 grams, with an average of 47 grams. The hyperplasia was epithelial predominant. Two of these prostates had changes of mild prostatitis.
All of the prostates evaluated showed an epithelial-predominant prostatic hyperplasia. No definite stromal hyperplasia was seen in any of the cases evaluated.
Sample Acquisition. The selected tissue samples were acquired from the University of Pittsburgh Medical Center under stringent Institutional Review Board guidelines with appropriate informed consent. Samples (Ͼ500 mg) were excised and snap frozen in liquid nitrogen within 30 min of excision and stored at Ϫ80°C until extraction of RNA. All samples were submitted for pathology evaluation. In every case, the tissue was excised from the junction between the ejaculatory duct and the prostatic urethra in the transition zone of the prostate. In particular, BPH tissue from patients with early stage prostate cancer was carefully excised away from the cancer lesion macroscopically, and their histological diagnosis was confirmed microscopically.
Sample Preparation and Data Analysis. Sample preparation, hybridization to the 42 K Affymetrix HuGeneFL array, and raw data collection was done exactly as described by Tackels-Horne et al. (13) . The raw data were analyzed with Affymetrix software, GENE CHIP V.3.0 and EXPERIMENTAL DATA MINING TOOL V.1.0. S-Plus was used to perform the ANOVA, principal component analysis (PCA), and hierarchical clustering analyses. For the PCA, we used the correlation matrix on nontransformed expression values. For the clustering analysis, we used average linkage clustering with correlation of nontransformed expression values as the distance metric. The data were viewed by using TREEVIEW (14) .
Peptide Synthesis and Antibody Production. A synthetic peptide, CPGQEREGTPPIEERKVE (amino acid residues 44-60), of human JM27 was used for the production of polyclonal antibodies in rabbits. Before using, the antibodies were affinity-purified by using the synthetic peptide.
Immunohistochemistry. Immunohistochemistry was performed on formalin-fixed paraffin-embedded sections of tissue obtained from the same sample that was used for the microarray analysis. Immunohistochemical examination was performed with the standard avidin-biotin technique, and a protease pretreatment step was included.
Results and Discussion
Gene Selection and Principal Component Analysis. As an experimental strategy, we first identified a set of genes (individual probe elements on the microarray) that are differentially expressed among the four groups of normal and disease samples. Each of the 42,843 genes on the microarray was fitted in an ANOVA model, and P values corresponding to each of six possible pair-wise comparisons among the four sample groups then were determined for each gene (for details of individual groups, see Table 1 ). The selection criteria required a gene to have P Ͻ 0.001 for two or more of the pair-wise comparisons. These criteria resulted in a nonredundant set of 511 genes.
To determine whether this 511 gene set serves as a basis to discriminate among the various groups of samples, we performed a PCA on this gene set. The samples were plotted by using the scores for the first three principal components. As shown in Fig. 1A , each of the four sample groups can be clearly distinguished from one another in this analysis. Component 1 (36% of the variability) discriminated between Normal and asymptomatic BPH vs. BPH cancer and symptomatic BPH. Component 2 (10% of the variability) distinguished Normal from asymptomatic BPH, and Component 3 (8% of the variability) distinguished BPH cancer from symptomatic BPH.
A two-dimensional representation of the PCA plot wherein Component 1 is plotted against Components 2 ϩ 3 is presented in Fig. 1B . Each of the four sample groups is clustered in a different quadrant of this figure. Notably, within each sample group, there was no noticeable age-related clustering of samples. Further, although there was an overlap of ages between the samples from various groups, age does not seem to be a confounding factor for the analysis based on this gene set. We had initially identified two subgroups of normal subjects. A younger set included individuals ranging in age from 13-20 years, whereas the older set ranged from 31-51 years (Table 1) . At a molecular level, however, the two subsets were indistinguishable and hence were grouped together. In all subsequent analysis, this combined group is referred to as the Normal group.
The intra-group variability (i.e., the tightness of clustering) differed between the four groups ( Fig. 1 A) . Normal samples exhibited the least intra-group variability, followed by asymptomatic BPH and symptomatic BPH. BPH with cancer samples exhibited the most sample-to-sample variability. On the other hand, the inter-group variation segregated the asymptomatic BPH group with the normal group more than the symptomatic BPH group (Fig. 1B) .
Asymptomatic samples were obtained from men with no record of being treated for BPH but had histological evidence when examined retrospectively. Because asymptomatic samples clearly exhibit the BPH phenotype at the microscopic level, one would expect the two BPH groups to exhibit more similarity than disparity. Furthermore, the BPH with cancer group was distinct from the asymptomatic BPH group but more similar to the symptomatic BPH group (Fig. 1B) . Because transition-zone tissue was obtained from men with prostate cancer with no clinical symptoms of BPH, gene-expression similarity to either the normal or the asymptomatic BPH groups would be expected. On the contrary, the BPH with cancer group could be readily distinguished from every other group.
To extend these findings, additional samples from two normal and three symptomatic BPH men were studied in a subsequent PCA by using the same set of 511 genes. As shown in Fig. 1C , the two additional normal samples clustered with the previous normal samples and the three additional symptomatic BPH samples clustered with the other symptomatic BPH samples. PCAs applying a less stringent (P Ͻ 0.01) or a more stringent (P Ͻ 0.0001) gene selection criteria (1,854 genes and 110 genes, respectively) yielded essentially similar results (data not shown).
Interrogating the differential gene-expression data by using PCA distinguishes each of the disease groups from normal tissue. Furthermore, within the three disease groups, PCA clearly separates them from each other. In fact, recent data suggest that the occurrence of symptoms related to clinical BPH are not caused by differences in the histological composition of the prostate (15) , lending further credence to these findings.
Hierarchical Clustering of Genes Expressed in Normal and BPH Tissues.
Applying two-dimensional hierarchical clustering to the expression data from the set of 511 genes measured across all 31 samples used for the PCA demonstrates an unambiguous separation of normal and disease groups as well as the separation of three subsets of BPH tissue samples (Fig. 2A) . A dendrogram showing a major division in the distribution of samples is illustrated in Fig. 2B . The first node includes all normal and asymptomatic BPH samples, whereas the second node includes all symptomatic BPH and BPH with cancer individuals. It is remarkable that within each branch of the two nodes, the individuals in each group cluster together on a subbranch.
As shown in Fig. 2 C-G, various subsets of clusters contain genes associated with related functions, as well as expressed sequence tag (EST) and genes of unknown functions. A set of genes comprising mostly ESTs and several genes associated with cell proliferation (for example, calcium͞calmodulin-dependent serine kinase, phosphoserine phosphatase, S-phase kinase-associated protein 2 or p45) were significantly up-regulated in the symptomatic BPH group compared with any other group (Fig. 2C) . Similarly, a subset of genes including oncogenes and immediate early genes (for example, ras-related protein, v-jun, v-fos, immediate early protein, and early growth response gene) was highly up-regulated in the BPH cancer group alone (Fig. 2D) . Two subsets of genes including several inflammatory mediators (for example, lymphotoxin beta, immunoglobulins, and chemokine receptors; Fig. 2E ), cytokines, and extracellular matrix-associated molecules (for example, RANTES, osteonectin, lumican; Fig. 2F ) appear to distinguish symptomatic BPH and BPH with cancer as a separate group distinct from the normal or asymptomatic BPH groups. Finally, a cluster of genes including mostly ESTs and genes with potential ORFs of unknown function clearly distinguishes the asymptomatic BPH group from all of the others (Fig. 2G) .
The strong correlation between inflammation and symptomatic BPH is striking. Asymptomatic histological inflammation and latent infection are common phenomena in BPH (16) (17) (18) . Furthermore, Mahapokai et al. (19) have recently reported that in a hormonally induced BPH dog model, hyperplasia was followed by cell-mediated and humoral immune responses. The expression profiling data demonstrate the strong correlation between inflammation and symptomatic BPH, suggesting new therapeutic approaches such as anti-inflammatory agents could be developed to alleviate BPH symptoms (20) .
A group of oncogenes and immediate early genes predominantly influence the clustering of the BPH cancer patients into a separate group distinct from symptomatic and asymptomatic BPH (Fig. 2D) . Considering that the BPH cancer samples were taken from the histologically confirmed noncancerous transition zone in men with no symptoms of BPH, it was expected that these samples would cluster with the asymptomatic BPH samples. In fact, they appear as a distinct group, more similar to the symptomatic BPH group.
Several members of a cluster common to symptomatic BPH and BPH with cancer represent genes involved in various types of cancers. For example, butyrophilin, a gene involved in cell proliferation (21), RAB2L, a member of the RAS oncogene family involved in signal transduction (22) , protocadherin, a member of a large family of genes involved in cell-cell interaction and adhesion (23) , osteonectin, an antiadhesive protein known to be involved in cell-matrix interactions, migration, and angiogenesis, and JM 27, are all components of this common cluster (Fig. 2F) .
In particular, osteonectin promotes the invasive ability of bonemetastasizing prostate (and breast) cancer cells but not that of non-bone-metastasizing tumor cells (24, 25) . Osteonectin does not stimulate the growth of prostate cancer cells in vitro or in vivo (24) . The fact that molecules such as osteonectin promoting invasion but not proliferation are being expressed in symptomatic BPH challenges previous concepts of the nature of BPH.
In the symptomatic BPH group, a cluster comprising mostly ESTs and several genes associated with cell proliferation clearly distinguished this group from every other group. The expression of proliferation-associated genes is not surprising in a hyperplastic state. Similarly, asymptomatic BPH also is identified with a cluster of genes comprised largely of ESTs and genes of unknown function. Elucidating the functions of these ESTs could provide new clues to the etiology of BPH and may yield novel markers and͞or therapeutic targets for BPH.
Immunohistochemistry and Tissue Distribution of a Prostate-Specific
Gene. JM27, a gene up-regulated in prostate cancer (26) , is also differentially up-regulated in symptomatic BPH (present data). To examine the expression and subcellular location of the encoded protein, an immunohistochemical analysis was performed on the same samples used for gene-expression studies. Compared with normal prostate (Fig. 3A) or asymptomatic BPH (Fig. 3B) , JM27 protein was overexpressed in symptomatic BPH (Fig. 3C) . Antibody specificity is confirmed by no reaction with preimmune serum (Fig. 3D) . Within the prostate tissue, expression of JM27 protein was confined to stromal cells with no expression in the epithelial (glandular) cells. By using tissue arrays from several normal and diseased prostate samples, we have extended and confirmed these observations (data not shown). In every case, the JM27 protein was significantly up-regulated only in symptomatic BPH and was confined to the stromal compartment (R.D. and R.H.G., unpublished work). Taken together, the data provide good evidence for the differential expression of JM27 both at the transcript as well as the protein level.
The microarray expression of JM27 from more than 570 samples covering a broad range of normal human tissues showed remarkable tissue-specificity (Fig. 4) . JM27 is expressed only in the prostate and in certain female reproductive (for example, uterine) tissue samples. These data suggest that JM27 is a potential candidate marker and͞or therapeutic target for symptomatic BPH. JM27 is homologous to a family of MAGE͞GAGE-like proteins containing RGD motifs frequently found in cell-adhesion proteins. GAGE͞ MAGE antigens were previously reported to be targets for tumorspecific cytotoxic lymphocytes in melanoma (27) , suggesting that overexpression of JM27 may be involved in the progression of BPH, prostate cancer (26) , and other tumors of the female reproductive tract (28) .
Finally, these data suggest several commonalities between symptomatic BPH, BPH with cancer, and prostate cancer. In fact, BPH in itself seems to be closely related to prostate cancer, because both diseases involve overgrowth of epithelial cells. It has been suggested that tumor development proceeds by a process analogous to Darwinian evolution, in which a succession of genetic changes, each conferring some growth advantage, leads to the progressive conversion of normal human cells into cancer cells (29) . Unlike prostate cancer however, BPH is rarely associated with genetic abnormalities and is an overgrowth of a more normal epithelium (8) . Comparing global changes in gene expression in BPH and prostate cancer will provide further insights into these disease processes.
